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Investigation of mitochondrial morphology and function has been hampered because photostable, mitochondrion-spZc stains that are retained in fted, permeabilized cells have not been available. We found that in live cell preparations, the CMXRos and H2-CMXRos dyes were more photostable than rhodamine 123. In addition, fluorescence and morphology of mitochondria stained with the CMXRos and ation and acetone permeabilization. Using epifluorescence microscopy, we showed that CMXRos and H2-CMXRos dye fluorescence fully co-localized with antibodies to subunit I of cytochrome c oxidase, indicating that the dyes specifically stain mitochondria. Confocal microscopy of these mitochondria yielded colored banding pattems, suggesting that these dyes and the mitochondrial enzyme localize to different suborganellat regions. Therefore, these stains provide cMxR0s-H~ d p e~e n aftet formaldehyde fur-powerful tools for detailed analysis of mitochondrial fine structure. We also used poisons that decrease mitochondrial membrane potential and an inhibitor of respiration complex II to show by flow cytometry that the fluorescence intensity of CMXRos and H2-CMXRos dye staining responds to changes in mitochondrial membrane potential and function. Hence, CMXRos has the potential to monitor changes in mitochondrial function. In addition, CMXRos staining was used in conjunction with specnally distinct fluorescent probes for the cell nucleus and the microtubule network to concomitantly evaluate multiple features of cell morphol-
Introduction
The mitochondrion is the organelle that generates most of the energy required for proper functioning of the eukaryotic cell. Impairment of mitochondrial function by either genetic mutation (Wallace, 1995) or chemical poisoning (Johnson et al., 1981) engenders disease and eventually death of the organism. Because of their negative membrane potential, mitochondria accumulate lipophilic cations (Chen, 1989 ). On the basis of this phenomenon, several fluorescent probes, including rhodamine 123 and JC-1, have been developed to monitor the function of mitochondria in living cells (Smiley et al., 1991; Johnson et al., 1980 Johnson et al., , 1981 . For these probes, the extent of dye uptake reflects the redox potential across the mitochondrial membrane (Johnson et al., 1981) . In the case ofJC-1 this also entails the formation of J-aggregates and a corresponding red-shifting of the fluorescence emission (Smiley et al., 1991) .
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Conventional mitochondrial dyes are limited in their potential use because they are very unstable on illumination by microscope lamps. Rhodamine 123, for example, is highly susceptible to photobleaching and exhibits strong photoinduced toxicity (Chen, 1989 ). In addition, mitochondrial fluorescence after rhodamine 123 staining is lost when the cells are fixed for immunocytochemical analysis, because fixation of cells inevitably causes loss of the mitochondrial membrane potential and thus the driving force leading to the accumulation of dye in the mitochondria. The JC-1 dye, on the other hand, is not entirely specific for mitochondria (Chen, 1989; and Poot, unpublished observation) . This renders this dye not suitable for flow cytometric evaluation of mitochondrial function in intact cells. Because of the absence of fmble mitochondrionspecific dyes, it has been difficult to use fluorescence microscopy techniques to investigate phenomena such as the dynamics of interaction of mitochondria with the cytoskeleton (Bereiter-Hahn, 1990; Gupta, 1990) .
Two new fluorescent dyes were recently developed to overcome these drawbacks: 8-(4'-chloromethyl) phenyl-2,3,5,6,11,12,14,15octahydro-1H,4H,10H,13H-diquinolizino-8H-xanthylium chloride (CMXRos) and 8 4 4'-chloromethyl) pheny1-2,3,5,6,11,12,14,15 -octahydro-1H,4H,1OH,13H-diquinolizino-8H-xanthene (H2-CMXRos).
We compared these dyes with rhodamine 123 and JC-1. We analyzed the sensitivities of staining with these four dyes to poisoning with drugs that interfere with specific aspects of mitochondrial function, the influence of washing, fixation, and permeabilization on retention of fluorescence of stained cells, and the kinetics of fluorescence decay during continuous mercury arc lamp illumination. To elucidate whether the CMXRos and CMXROS-H~ dyes localize specifically to the mitochondrion, we investigated co-localization of staining patterns from MitoXacker Red dyes and an antibody against a mitochondrial antigen by regular and confocal fluorescence microscopy. In addition, we explored the use of the new dyes in fluorescence immunocytochemistry.
Materials and Methods
Reagents. The dyes rhodamine 123. JC-1, propidium iodide, CMXRos, and Hz-CMXRos were from Molecular Probes (Eugene, OR). Cell culture media, fetal bovine serum (FBS), and sterile tissue culture supplies were obtained from GIBCO BRL (Gaithersburg, MD). The mouse monoclonal antibody raised against the human cytochrome uxidase subunit I (lD6-Elh8). and the BODIPY FL goat anti-mouse antibody were from Molecular Probes, and the monoclonal antibodies against 8-tubulin antibody were from Boehringer Mannheim (Indianapolis, IN). All other reagents were from Sigma Chemical (St Louis, MO), of the highest purity available. The confocal microscope was tested for chromatic aberration with the aid of a PS-Speck kit (Molecular Probes).
Cells and Culture. Mouse NIH 3T3, CRE BAG 2 fibroblasts, and bovine pulmonary arterial endothelial cells (BPAECs) were obtained from the American Type Culture Collection (Rockville, MD). Human lymphoid B-cell lines (LCLs) were derived from peripheral blood lymphocytes by Epstein-Barr virus transformation according to standard procedures (Neitzel, 1986) . The NIH 3T3, CRE BAG 2, and BPAEC cells were cultured in a humidified atmosphere of 5 % COz in air in Dulbecco's modification of Eagle's minimal essential medium (DMEM) supplemented with 10% FBS, 50 pg gentamicin, 300 pg L-glutaminelml of culture medium, and 10 mM HEPES, pH 7.4. NIH 3T3, CRE BAG 2 , and BPAE cells were subcultured every 2-3 days by trypsinization using 0.05% trypsin and 0.02% EDTA in PBS. To obtain cultures of well-spread, low-density cells, approximately 5 x lo4 cells were plated onto 18 x 18-mm coverslips in 100-mm-diameter culture dishes. Coverslips with cells attached were used for experiments within 48 hr after plating. Human LCLs were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U penicillin, 100 pg streptomycin, and 300 pg L-glutamine per ml of culture medium.
Pretreatment with Mitochondrial Poisons. To investigate the sensitivities of fluorescence development upon staining with mitochondrial dyes to impairment of the physiological state of the mitochondrion. human LCL cultures were pretreated for 30 min in culture medium with the following mitochondrial poisons. Rotenone at 20 pM was used to inhibit respiration complex I function, and electron flux beyond respiration complex I1 was inhibited with 20 pglml of antimycin A (Hatefi, 1985) . Mitochondrial electron transport was inhibited with 10 mM azide. Using 10 pM carbonyl cyanide m-chlorophenylhydrazone (CCCP), mitochondrial respiration was uncoupled (Heytler and Prichard, 1962) . All inhibitors were initially dissolved as x 200 stock solutions in absolute ethanol. The treatment protocol for the inhibitors was chosen such that no cell death was detectable by flow cytometry after staining with propidium iodide (data not shown).
Cell Staining. All mitochondrial dyes were dissolved in DMSO to make 200-pM stock solutions. These stock solutions were stored in sealed brown reagent bottles and kept at 4'C. Because we were concerned about possible oxidation of the reduced dye Hz-CMXRos in polar organic solvents, we also stored those solutions under nitrogen. Staining media were prepared immediately before use by adding the dye stock solution to culture medium to obtain the desired final dye concentration (500 nM unless stated otherwise). The cells were incubated at 37°C for 30 min, and the coverslips with the cells were rinsed three times with warm Hank's balanced salt solution (HBSS) supplemented with 10% FBS. Cells were viewed by microscopy (see below) directly while mounted in this solution and maintained at 37°C during the viewing period.
Cell Fixation and Permeabilization. Adherent cells to be fixed were stained with 500 nM of CMXRos for 30 min at 37°C in culture media and rinsed in prewarmed HBSS without serum. Coverslips with stained cells were incubated for 10 min in prewarmed 3.7% formaldehyde in HBSS and rinsed in PBS. Cells were either viewed directly or dipped in acetone at -20°C then incubated in a second Coplin jar with fresh acetone at -20'C for 10 min, and rehydrated in PBS at room temperature (RT) for 10 min.
In some experiments coverslips were washed twice in HBSS without FBS at 37°C and immediately thereafter exposed to acetone at -2O'C for 10 min. Finally, coverslips were rinsed in distilled water, allowed to air-dry, mounted in acrylic mounting resin (CytoSeal, Stephens Scientific, Riverdale. NJ), and analyzed by microscopy (see below).
For flow cytometry, suspensions of u3Ls stained with mitochondrial dyes were centrifuged and most of the staining solution discarded. The pellets were gently resuspended by tapping in the small amount of residual staining solution remaining. and were resuspended in one of the following solutions: in fresh culture media (live staining), in warm 3.7% formaldehyde in PBS, or in acetone at -2O' C (acetone fixation). The samples in formaldehyde were incubated for 10 min, centrifuged again, the formaldehyde discarded, and the pellets gently resuspended by tapping in either cell culture media (formaldehyde fixation) or in acetone at -20°C and incubated for 10 min at -2O'C (formaldehyde + acetone). The formaldehyde + acetone-treated cells were centrifuged again and resuspended in fresh culture media. Thereafter, all samples were analyzed by flow cytometry (see below).
Co-localization of CMXRos Staining with Cytochrome Oxidase. BPAE cells were stained with 500 nM CMXRos in cell culture medium at 37°C for 30 min. Cells were rinsed briefly in warm HBSS and then fixed immediately in 3.7% formaldehyde in HBSS for 10 min. Then the cells were permeabilized in ice-cold acetone and rehydrated in PBS. Cells were incubated in a blocking solution (1% bovine serum albumin, 1% normal goat serum, and 0.1% Tween-20 in PBS) for 30 min and then incubated with 60 pglml of a mouse monoclonal antibody raised against the human cytochrome oxidase subunit I (lDb-EbA8) (Capaldi et 4.. 1995) diluted in blocking solution for 1 hr. Cells were washed in PBS and then incubated with 10 pg/ml of a BODIPY nconjugated goat anti-mouse secondary antibody diluted in blocking solution. Cells were rinsed again in PBS, then in distilled water, were air dried, mounted in acrylic mounting resin, and analyzed by microscopy (see below).
Triple Labeling. CRE BAG 2 cells on coverslips were stained with CMXRos according to the standard procedure (see above), fixed with formaldehyde, permeabilized with acetone, and rehydrated with PBS. Coverslips were then incubated with blocking solution for 30 min at RT. The coverslips were then incubated with 2 p g h l mouse anti-8-tubulin diluted in blocking solution for 1 hr. Coverslips were rinsed in PBS and then incubated in 10 pglml BODIPY FL goat anti-mouse antibody diluted in blocking solution for 30 min. Coverslips were rinsed in PBS and then incubated for 1 min in a 100 nglml DAPI solution in PBS. cavcrslips were rinsed in double-distilled water, allowed to air-dry, and then mounted in acrylic mounting resin (CytoSeal).
Fluommetry. Cells from LCL cultures were stained as described above, centrifuged, and resuspended in 2 ml of RPMI 1640 medium without phenol red supplemented with 10% FBS, and kept in a melting ice bath until th9 were assayed. Fluorescence excitation and emission spectra were recorded on an SPF-5OOC fluorescence spectrophotometer (SLM-Aminco; Urbana, IL). Fluorescence emission spectra were corrected for photomultiplier response and integrated fluorescence emission was calculated over the full range of detectable fluorescence from the data with the software supplied by the manufacturer. Owing to the small Stokes shift OfJC-1, the fluorescence emission appeared to be truncated if excited at the optimal excitation wavelength. The integrated fluorescence emission spectrum was corrected for this type of truncation.
flow Cytometry. Suspensions ofcells from LCIS stained with mitochondrial dyes, either in the presence of the dyes or after formaldehyde fmtion or fixation followed by acetone treatment, were analyzed by flow cytometry using a FACS Vantage instrument (Becton Dickinson Immunocytometry Systems; San Jose, CA) equipped with an argon laser (Coherent Enterprise laser; Coherent, Santa Clara, CA) set at a light-stabilized output of 100 mW of the 488-nm beam. Fluorescence emission was collected with interference bandpass filter sets for the spectral regions of 530 f 30 nm (green), 575 f 26 nm (orange), and 630 * 22 nm (red). In the experiments in which the relative fluorescence intensities of different dyes were compared, a 515-nm longpass filter was used to record all fluorescence with a single photomultiplier tube. The sheath fluid was made of 0.9% NaCl and typical sample flow rates were between 200 and 400 particles/sec. Data were stored as list-mode files on the hard disk of a Macintosh Quadra 650 microcomputer and analyzed with software supplied by the manufacturer, Photostability Measurements. Coverslips with intact cells were inverted and mounted on a microscope slide using thin strips of Parafii self-adhesive film as spacers on three sides of the coverslip. Warm HBSS supplemented with 10% FBS was placed between the coverslip and the microscope slide and the coverslip was sealed with paraffin. The top of the coverslip was then cleaned with distilled water to remove traces of salts. Fixed cells were prepared as described above. Samples resulting from five different types of preparation were analyzed for their photobleaching response. Sample 1 contained live cells in buffer; Sample 2 was fixed in formaldehyde, permeabilized in acetone, and mounted in buffer; Sample 3 was fixed in formaldehyde, permeabilized in acetone, and mounted in acrylic resin; Sample 4 was dipped in acetone at -20°C and mounted in buffer; and Sample 5 was dipped in acetone at -20°C and mounted in acrylic resin.
All photostability experiments were performed on a Nikon Diaphot microscope by continuously illuminating the specimens through a x 40/0.65 NA E-PlanApo Nikon lens with light from a 100-W mercury arc lamp.
The excitation and emission wavelengths were selected with a Texas Red bandpass filter set (Excitation 580 * 14 nm/Emission 630 * 15 nm) (Omega Optical; Bratdeboro, VT). The average fluorescence intensity was measured, after subtraction of background, as a function of time. All experiments were performed in triplicate. The fluorescence signal was detected at 5 sec intervals by a CCD camera (Star-1; Photometrics, Tuscon, AZ), and processed by an image processor (Image-1IAT Universal Imaging, West Chester, PA). The time-dependent fluorescence intensity was plotted and analyzed to determine the steady-state fluorescence decay constants. All scale settings were kept constant throughout the measurements. Photography was performed on a Nikon Labophot I1 microscope equipped with a QuadFluor filter head, and Texas Red (excitation 540-580 nm/emission 600-660 nm), fluorescein (excitation 465-495 nm/emission 515-555 nm). and DAPI (excitation 310-380 nm/emission 435-485 nm) bandpass filters supplied by the manufacturer. Photographs for the single labeling experiments were taken through the Texas Red filter with a x 401 0.65 NA E-Plan Nikon lens. The photographs of the multiple labeling experiments were obtained through multiple exposures using a x 6011.4 NA Plan Apo Nikon lens. For CMXRos, typically 1-2 sec of exposure time was used, whereas for Hz-CMXRos 5 sec was optimal. The antibody staining of the microtubule network required about 10 x c exposure time, and for DAPI 5-sec exposure time was optimal. The film used was Kodak Ektachrome Elite film for color slides (400 ASA). 
Results

Physical and Chemical Properties of CMXRos and H2-CMXRos
The CMXRos dye is cationic and intrinsically fluorescent, whereas the reduced H2-CMXRos dye will become fluorescent only when it is oxidized. Both the CMXRos and the H2-CMXRos dye have an alkylating chloromethyl moiety attached. Owing to their membrane potential, functional mitochondria take up these dyes. Once the probes accumulate in the mitochondria, the chloromethyl group Human L U F were stained with 500 nM of dyes at 37'C for 30 min and assayed by fluorometry at optimal excitation, and by flow cytometry using 488-nm excitation Excited at the respective optimal excitation wavelengths, shown as a percentage relative to the fluorescence intensity obtained with rhodamine 123.
As a percentqe relative to the fluorescence intensity obtained at optimal excitation wavelengths. and a 515-nm longpass filter in front of the photomultiplier tube.
can react with accessible nucleophiles, including thiol groups of peptides and proteins, to form an aldehyde-fixable conjugate. Figure 1 shows the excitation and emission spectra of a cell suspension stained with CMXRos. Maximal excitation is obtained at 594 nm, whereas maximal emission is at 608 nm. Although such excitation is not optimal, these dyes can also be excited by the 488 nm line of an argon ion laser. This property makes these dyes suitable for multivariate flow cytometric analysis as well as multiparameter fluorescence microscopy. Table 1 displays the relative fluorescence intensities obtained after staining cultured mammalian cells for 30 min with 500 nM of rhodamine 123, JC-1, CMXRos, Hz-CMXRos, and 10 pM of JC-1. This dye concentration and time frame gave optimal staining as ascertained by flow cytometry (results not shown). For comparison of cell suspensions by fluorometry, the excitation monochromator was set to the optimal excitation wavelength of each dye (Table I) , and fluorescence emission was integrated and normalized to that of rhodamine 123. By fluorometry, both CMXRos-and 10-pM JC-1stained cells showed about 66% of the emission intensity of rhodamine 123; Hz-CMXRos-and 5OO-nM JC-1-stained cells gave much lower fluorescence emission. Our flow cytometer is equipped with a laser emitting at 488 nm. We therefore calculated the relative excitation efficiency of each dye at 488 nm relative to the optimal excitation wavelength. Rhodamine 123 shows about 70% relative excitation efficiency at 488 nm, whereas all other dyes are much less efficiently excited (Table 1) . To allow a fair comparison among dyes with different wavelengths of fluorescence emission, a 515nm longpass filter was put in front of the photomultiplier tube of the flow cytometer. The results thus obtained by flow cytometry matched those from the fluorometer. The only exceptions were the samples stained with 10 pM JC-1. It should be noted that JC-1 stained cells exhibit a small Stokes shift (Table 1) and therefore tend to self-absorb much of their fluorescence emission if excited at 592 nm (its excitation maximum).
Characteristics of Cell Staining with Mitochondrial Dyes
A new attribute of the CMXRos and Hz-CMXRos dyes is their chloromethyl group, which should enable the dyes to bind to the thiol groups of cellular proteins and peptides. This binding should enhance the retention of these dyes, compared to conventional stains, during washing and fixation of cells. Figure 2 depicts relative fluorescence intensities of 500-nM rhodamine 123-, 5OO-nM CMXRos-, and 10.0-pM JC-1-stained cells as a function of the number of washes with PBS that the cells underwent after staining. Cellular fluorescence was recorded by flow cytometry with a 515-nm longpass filter. The data indicate that whereas the rhodamine 123 and CMXRos are retained equally well, fluorescence ofJC-1-stained cells is lost more rapidly during washing steps.
Sensitivity of Fhorescence Intensity to Mitochondrial Poisons
To investigate the possible use of fluorescent stains as probes of mitochondrial function, we analyzed fluorescence intensity after impairing mitochondrial function with commonly used, mechanismspecific mitochondrial poisons in human lymphoid cells ( 3). None of the mitochondrial dyes analyzed showed decreased fluorescence after inhibition of respiration complex I with rotenone (Table 2) . On the contrary, Hz-CMXRos gave an enhanced fluorescence after cells were exposed to rotenone (?able 2). The latter may reflect formation of an oxidative species in the mitochondria of cells treated in this way. Inhibition of electron flux beyond respiration complex I1 by treatment with antimycin A led to decreased fluorescence with all dyes, CMXRos being the most sensitive to this treatment. Sodium azide, which inhibits mitochondrial electron transport, significantly diminished fluorescence from all dyes. Uncoupling mitochondrial respiration with CCCP also led to a clearly decreased fluorescence with all dyes tested.
Sensitivity of Fluorescence Intensity to Fikation and Permeabilization
In addition to its instability on illumination (see below), the fluorescence of rhodamine 123 almost completely vanished on fixation of stained cells (results not shown). Therefore, we investigated by flow cytometry the effect of cell fixation and acetone permeabilization on fluorescence intensity of human lymphoid cells stained with different mitochondrial dyes (Figure 4) . In contrast to results with rhodamine 123, about 15% of the CMXRos fluorescence was retained on cold acetone treatment, and about 20% was retained on formaldehyde fixation or fixation followed by acetone treatment. Fluorescence from H2-CMXRos, which was overall much dimmer than that of CMXRos ('Igble I), was even better retained ( Figure  4 ). Staining of cells with 500 nM or 10.0 pM of JC-1 gave wellretained fluorescence on formaldehyde and acetone treatment (Fig-ure 4) . Similar to our earlier observation with cells treated with mitochondrial poisons (see a b ) , we observed a strong shift from red to green emission on permeabilization with acetone of JC-1stained cells, whereas fixation with formaldehyde did not affect the red:green ratio of fluorescence intensity (results not shown).
Photostabdity
During our microscopic evaluation of cell staining, we noted that fluorescence from CMXRos was much more photostable than that from rhodamine 123 Staining. We therefore analyzed the time course of fluorescence decay during illumination of CMXRosand rhodamine 123-stained living NIH 3T3 cells. Our experiments r d e d a qualitatively diffkrent pattem of decay of fluorescence intensity in CMXRosvs rhodamine 123-stained cells (Figure 5) . Whereas rhodamine 123 showed a single exponential decay of fluorescence on illumination, CMXRos exhibited a more complex response: After a rise in fluorescence intensity during the first 10 sec of illumination, a shallow exponential decay is evident (Figure 5) . As a resuk, 50% of initial fluorescence intensity is reached ody after 90 sec of exposure to excitation light. At that time point, the fluorescence of rhodamine 123-stained cells vanished almost completely. By analysis of photobleaching decay rates, we attempted to determine the optimal cell fixation and permeabilization procedure of those tested that was compatible with the ux of CMXRos in microscopy. As is evident from ?able 3, there is little difference in fluorescence decay rates among the five procedures tested. Mounting of formaldehyde-fixed cells in Cytoscal led to a slightly faster decay of CMXRos fluorescence, and using buffer as the mounting medium gave the lowest decay rate. Table 2 
. Relative fluorescence intensities a f t r exposure to mitochondrial poisonf
Co-localization of MitoTracher Staining with Antibodies Against Cytochrome Oxidase Subunit I
To ascertain whether CMXRos stains mitochondria specifically, we investigated the co-localization of a monoclonal antibody shown to be specific for subunit I of human cytochrome oxidase (Capaldi et al., 1995) with CMXRos fluorescence. As shown in Figure 6A , the morphology of CMXRos-stained mitochondria is very well preserved upon formaldehyde fmtion and subsequent acetone treatment. Figure 6B shows the staining pattern obtained with a monoclonal antibody against subunit I of human cytochrome oxidase. The green fluorescence of the BODIPY FL-conjugated secondary antibody exhibited a distribution similar to that found with CMXRos. To ascertain whether CMXRos staining and the subunit I of cytochrome c oxidase fully co-localized, we took a double exposure. At those regions where CMXRos and the antibody staining coincide, yellow fluorescence is obtained, whereas regions showing red fluorescence should reveal exclusive CMXRos staining. Likewise, green signals should occur where only the antibody, but no CMXRos staining, takes place. The double exposure in Figure  6C shows only yellow fluorescence. Therefore, CMXRos and the antibody against subunit I of human cytochrome oxidase appear to co-localize completely. With the reduced form of the CMXRos dye (H*-CMRos), similar results were obtained ( Figures 6D-F) . The green fluorescence in Figure 6 is due to nonspecific staining of the nucleus by the antibody. ization in a horizontal plane of an object while integrating all fluorescence over the viewing (vertical) axis. That means that the image obtained by regular fluorescence microscopy is limited to a two dimensional field. By confocal microscopy this limitation can be overcome and optical sectioning along the axis perpendicular to the object plane becomes possible. Figure 7 shows BPAE cells co-stained with CMXRos and a monoclonal antibody against subunit I of human cytochrome oxidase. Around the nucleus (dark ellipse in the center of the cell), a dense network of yellow structures can be seen ( Figure 7A ). At the periphery of the cell the network of stained structures is less dense. Here separate structures with an elongated rod-like shape, which exhibit an alternation of green, yellow, and red color, are conspicuous ( Figure 7B ). This pattern of alternating colors is reminiscent of the banding pattern of chromosomes. At higher magnification of a flat part of a cell, this pattern is even more clearly visible ( Figure 7B ). Taking into account that the mitochondrion is not a flat structure but instead undulates in and out of the plane of observation. we assume that the different colors may represent planes of focus inside the mitochondrion. On the basis ofthis assumption we hypothesize that, although CMXRos and the antibody against subunit I of human cytochrome oxidase both stain the mitochondrion. they appear to localize to separate regions of this organelle.
E$de La&e/ing
To exploit the fmbility and photostability of CMXRos further and to determine whether it could be used in conjunction with other fluorescent probes, we performed a triple parameter labeling experiment with mouse NIH 3T3 cells. Figure 8 depicts our results.
The DAPI-stained nucleus shows up in blue ( Figure 8A) , the CMXRos-stained mitochondria appear red ( Figure 8B ). and green is the cellular microtubule network (labeled with a BODIPY FL.conjugated secondary antibody) ( Figure 8C ). In Figure 8D . which shows all labels simultaneously, the mitochondria appear yellow due to an overlap of green-labeled microtubules with red CMXRos fluorescence. The white nuclear perimeter is due to overlap of all labels. Therefore, using this combination of stains, one can simultaneously evaluate the structure of mitochondria, the microtubule network, and the cell nucleus by fluorescence microscopy.
Discussion
On the basis of the observation that the interior negative membrane potential of the mitochondrion leads to the accumulation of fluorescent lipophilic cations in mitochondria Uohnson et al., 1980) . we investigated the possible use of such stains to analyze mitochondrial morphology and function. Fluorescence microscopy and flow cytometry were used to characterize and compare the new CMXRos and HKMXRos dyes with the conventional stains rhodamine 123 and JC-1. Like rhodamine 123 and JC-1, the CMXRos dye is cationic. In addition, these new dyes possess chloromethyl moieties, which are believed to form covalent bonds with protein thiols in the mitochondrion. Therefore. these dyes are likely to remain localized in cells that are fuced with protein crosslinking agents.
We found that whereas the signal from rhodamine 123 was lost on formaldehyde fixation and permeabilization with acetone, the fluorescence from the CMXRos and H2-CMXRos dyes was retained. This property allows preparation of permanent specimens for thorough examination after an experiment is completed. In addition, living cells stained with CMXRos exhibited much more photostable fluorescence than rhodamine 123-stained cells. Exploiting these characteristics of CMXRos, we were for the first time able to demonstrate co-localization between a fluorescent mitochondrial stain (CMXRos) and a mitochondrial enzyme (cytochrome c oxidase). Analysis of the same specimens by confocal microscopy revealed a pattern of alternating colors reminiscent of the banding pattern of chromosomes. Cytochrome c oxidase is localized at regularly spaced intervals (Horton and Hubel, 1981) to the inner mitochondrial membrane (Capaldi et al., 1995) . From the images we obtained, one could infer that the yellow regions we observed represent sites at which cytochrome c oxidase and CMXRos dye colocalize and that the red regions represent those sites at which only dye is bound. Therefore, our results suggest that the targets of CMXRos labeling and the antibody are situated within different suborganellar regions of the mitochondrion. This result opens up the possibility of using these stains to map the suborganellar morphology of mitochondria in cells with an altered physiological state (Visser et al., 1995) or in those expressing genetic defects caused by mutations in the mitochondrial genome (Moudy et al.. 1995) . In addition, we performed a triple-labeling experiment with CMXRos and probes for the microtubule network and DNA. Each target was distinctly visualized. The ramifications of this experiment are that fluorescent signals from cytoskeletal components can be observed and analyzed with respect to the localization of mito-0. , chondria. Therefore. the morphology and location of mitochondria can be observed concomitantly with other aspects of cellular morphology, either as a function of genetic impairment of function (Moudy et al., 1995) or of altered mitochondrial activity under hypoxic growth conditions (Visser et al., 1995) .
During the course of our experiments, we made several observations that gave rise to some concerns regarding the usdulness of the JC-1 stain. Surprisingly, we found that JC-1 fluorescence intensity is preserved after cell fixation; however, the fluorescence shifted to shorter wavelengths. This shift in fluorescence emission may reflect the collapse of the mitochondrial membrane potential after cell permeabilitation, because this latter phenomenon has been shown to cause a shift from red to green emission with JC-1 (Smiley et al., 1991) . It should be noted that in samples treated with formaldehyde only the fluorescence diminished upon prolonged incubation (up to 24 hr) at RT On the other hand, subsequent acetone treatment stabilized fluorescence (results not shown). This unexpected behavior of the JC-1 dye complicates the interpretation of results obtained by cell staining with this dye.
All mitochondrial dyes we tested responded to inhibition of electron flux beyond respiration complex I1 by pretreatment with antimycin A, CMXRos being the most sensitive dye in this respect. The observation that rotenone inhibition of respiratory complex 1 increased the fluorescence after H2-CMXRos staining suggests that this reduced dye may respond to oxidant formation in mitochondria. Therefore, measurement of fluorescence intensity after cell staining with these mitochondrion-specific dyes may provide a tool to evaluate alterations in mitochondrial function in genetic conditions in which mutations in the mitochondrial genome are involved, such as human encephalomyopathy of the MELAS type (Moudy et al., 1995;  for review see Wallace, 1995) . In addition, these dyes should also allow direct analysis of the functional and morphologic alterations taking place during cell degenerative processes such as necrosis and apoptosis (Kroemer et al., 1995) .
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